Dehydroepiandrosterone sulphate (DHEAS) is the most abundant androgen in the circulation and in ovarian follicular fluid. A steroid sulphatase accepting DHEAS as a substrate has been identified in the follicle, but the cellular location has not been determined. As DHEAS is also a potential source of oestrogen for endocrine-dependent tumours, a potent steroid sulphatase inhibitor oestrone-3-O-sulphamate (EMATE) has been developed which inhibits this activity in rat liver and mammary tumour. The aim of this study was to investigate human granulosa cells as a site of steroid sulphatase activity, to determine whether DHEAS can be utilized as a precursor for oestrogen synthesis and to investigate the inhibitory capacity of EMATE in these cells. Conversion of DHEAS to DHEA was assessed in luteinized granulosa cells by tritiated steroid assay following incubation with or without LH or insulin and steroid accumulation in the medium measured by RIA. The effects of EMATE were assessed by addition of a range of doses during the measurement of conversion of DHEAS to DHEA. Cells from three sizes of small follicles from an unstimulated ovary were also assessed for their ability to produce oestradiol from DHEAS.
Abstract
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Sulphatase enzyme activity was present in all cells; the mean conversion of tritiated DHEAS to DHEA was 50% (range 4-65%). LH and EMATE inhibited and insulin stimulated this activity. Addition of DHEAS to granulosa cells caused a dose-dependent increase in oestradiol and androstenedione production with no change in progesterone concentration. LH increased the accumulation of oestradiol in the medium. DHEAS also stimulated oestradiol production by granulosa cells from small follicles. This is the first demonstration that granulosa cells are a site of
Introduction
Dehydroepiandrosterone sulphate (DHEAS) is the most abundant androgen in the circulation and is mostly adrenal in origin. In the adult, plasma concentrations vary according to gender and gradually decline with age in both sexes (for a review, see Haning 1995) . The involvement of the ovary in its synthesis is suggested by a sharp decline in serum levels in women with premature ovarian failure or following oophorectomy (Cumming et al. 1982) .
DHEAS is also the most abundant steroid in follicular fluid of preovulatory follicles being present at micromolar levels (Dehenin et al. 1987 ). The precise role of DHEAS in ovarian steroidogenesis remains to be elucidated but its presence at high concentrations has prompted several in vivo investigations into its possible role as an oestrogen precursor. As long ago as 1965 infusion of tritiated DHEAS was reported to result in urinary excretion of tritiated androstenetriol monosulphate in humans (Baulieu et al. 1965) , but detailed studies of its role as a prehormone were not completed at this time due to methodological problems.
In a series of more recent investigations by Haning et al. (1985 Haning et al. ( , 1989 Haning et al. ( , 1991 , DHEAS was infused into patients and the concentrations of tritiated steroids in the follicular fluid calculated. Although appreciable amounts of androgen were produced, the levels of oestrogens were low, suggesting that the latter were preferentially derived from androstenedione. It has recently been concluded that measurements of DHEAS metabolites in serum did not directly reflect events occurring within steroidogenic tissues (Haning 1995) .
In in vitro studies, the levels of oestrogens and testosterone derived from DHEAS were higher in follicles in the follicular phase than in the luteal phase (Dehenin et al. 1987) . This may mean that DHEAS is utilized by the ovary as a precursor for oestradiol synthesis mainly in the follicular phase when the requirement for androgen as an aromatase substrate is highest.
Conversion of DHEAS to DHEA requires enzymatic removal of the sulphate group. Previous studies have identified a steroid sulphatase that accepts DHEAS as a substrate in the ovarian follicle, stroma and corpus luteum (Haning et al. 1990 ), but the cellular localization of this enzyme remains to be determined.
Because of the possible importance of DHEA and oestrone in the provision of substrate for endocrinedependent tumours, a series of steroid sulphatase inhibitors has been designed from modifications of the enzyme substrate oestrone sulphatase (Reed et al. 1994) . These have been shown to inhibit oestrone sulphatase activity in vitro. The most effective of these is a range of nonphosphate-based sulphate surrogates of which oestrone-3-O-sulphamate (EMATE) proved to be the most potent (Purohit et al. 1995a) . EMATE inhibits oestrone and DHEA sulphatase activity in rat liver and mammary tumour by more than 98% (Purohit et al. 1995b) .
The aim of this study was to determine whether luteinized human granulosa cells are a site of steroid sulphatase activity and, if so, to examine whether granulosa cells from both antral and preovulatory follicles are capable of utilizing DHEAS as a precursor for oestradiol production. We also wished to assess the efficacy of EMATE as an inhibitor of sulphatase activity in these cells.
Methods

Granulosa cell culture
Granulosa cells were obtained from patients undergoing treatment for in vitro fertilization. All patients had pituitary desensitization with luteinizing hormone-releasing hormone (LHRH) agonist followed by stimulation with human menopausal gonadotrophin (Hardy et al. 1995) . Oocytes were separated from follicular fluid and flush solution. Granulosa cells were separated from other cellular debris and blood cells on a Percoll gradient. Briefly, the protocol was as follows: the flush was divided between 25 ml tubes and centrifuged at 1000 r.p.m. at 25 C for 5 min. The pellet was separated from the supernatant and resuspended in phosphate buffer solution at 37 C. Cell suspensions were pooled and re-centrifuged until a blood-granulosa cell suspension of 8 ml was achieved. A 50% Percoll (Sigma Chemical Co., Poole, Dorset, UK) solution was prepared by adding 8·9 ml Percoll, 1 ml of 10 Medium 199 (Gibco BRL, Paisley, Strathclyde, UK), 100 µl NaHCO 3 at 7·5% and 10 ml of Medium 199 at 37 C containing penicillin, streptomycin and glutamine (Gibco). The Percoll solution was then sterilized by filtration and divided into 4 15 ml conical tubes. Two millilitres of cell suspension were layered onto each tube followed by centrifugation at 1330 r.p.m. at 25 C for 20 min. The granulosa cells were aspirated from the Percoll-PBS interface, washed in 15 ml Medium 199 at 37 C and centrifuged at 100 r.p.m. at 25 C for 5 min. This washing of granulosa cells was then repeated. The pellet of cells was resuspended in 1 ml of Medium 199 and dispersed using a 200 µl pipette tip and a microsyringe. Cells were counted on a haemocytometer using Trypan blue exclusion to assess viability.
Cells were plated at 10 5 viable cells per well in 24-well plates in 1 ml of Medium 199 for the sulphatase enzyme measurement or in 0·5 ml for the measurement of steroid production. Cells were cultured for 48 h with the addition of 1% fetal calf serum (FCS) and antibiotics (Gibco) after which the medium was collected, the cells washed and then incubated in serum-free medium for a further time period with the addition of the test substances. All experiments were carried out in quadruplicate wells unless otherwise stated.
In one experiment, cells were obtained from a woman undergoing bilateral salpingo-oophorectomy for nonovarian benign gynaecological disease. Ethical approval had been granted by the local ethics committee and the patient had given informed consent. This patient had taken no treatment likely to affect ovarian function for at least 3 months prior to surgery. Follicles were dissected intact from the stroma and cells cultured without preincubation as previously described (Mason et al. 1990) . Briefly, the diameter of follicles was measured, follicular fluid aspirated and after incision of the follicle the granulosa cells were flushed from the surface. The cumulusoocyte complex was removed if visualized and granulosa cells were collected, washed and plated at 5 10 4 viable cells per well in a 200 µl volume of serum-free Medium 199. Cells were pooled from six follicles of 5 mm or less in diameter and incubated separately from cells from a 7 mm follicle and a 9 mm follicle.
Sulphatase assay
Sulphatase enzyme activity was assessed by measuring the conversion of tritiated DHEAS (DuPont Company, Wilmington, DE, USA) to DHEA with the addition of [ 14 C]DHEA as a recovery marker to monitor losses due to the possibility that some of the tritiated DHEA might be converted into other metabolites. The method used was that of Duncan et al. (1993) A series of wells without cells was included in each experiment to allow for non-specific conversion ('blanks'). The product was identified in validation studies by thin-layer chromatography using the system ethyl acetate-methyl alcohol (80:20 v/v). In this system, steroid sulphates remain at the origin. Mean (..) percent recovery was 87·1 (3·2).
Experimental protocol
A series of experiments was performed to assess the optimum time for induction of the sulphatase enzyme in the granulosa cells and for conversion of added DHEAS to DHEA. In a second series of experiments, following the 48 h pre-incubation period, cells were incubated with a range of doses of either purified human pituitary LH (0·25-10 ng/ml, Endocrine Services, Bidford-on-Avon, Warwickshire, UK), or a range of doses of human recombinant insulin (Boehringer-Mannheim, Lewes, E. Sussex, UK) for a further 48 h. In a third series of experiments the direct effect of the sulphatase inhibitor EMATE on the conversion of DHEAS to DHEA was assessed by addition of a range of doses at the assay stage. Each experiment was performed at least three times.
Production of oestradiol from DHEAS
Cells were incubated at 10 5 viable cells per well for 48 h in medium containing 1% FCS, after which medium was removed and the experimental protocol described above was followed. Cells were initially incubated with a range of doses of DHEAS (0·05-1·0 µM) for various lengths of time to determine the optimum conditions for oestradiol, progesterone and, in one case, androstenedione production. Steroids were measured in the medium at the end of the experiment by RIA as previously described (Gilling-Smith et al. 1994 , Mason et al. 1994 .
Cells were then incubated with a range of doses of DHEAS for the optimum time. The effect of a range of doses of LH and follicle-stimulating hormone (FSH) (0·25-10 ng/ml, Endocrine Services) was then determined. Finally the effects of DHEAS on progesterone and oestradiol production by granulosa cells from an unstimulated ovary were assessed.
Sulphatase activity in the granulosa cells was expressed as percent control. Bars in Figs 1 and 2 represent the mean and standard error of at least quadruplicate wells in the experiments in luteinized cells and of triplicate wells in the experiment on cells from an unstimulated ovary. Comparisons between dose-response curves were performed by analysis of variance and between individual points by Student's t-test.
Results
Sulphatase enzyme activity
Sulphatase enzyme activity was present in all wells containing granulosa cells from all sources as assessed by conversion of DHEAS to DHEA following removal of the test substances. There was a wide range of activity between luteinized cells from different patients. The time course experiments (data not shown) revealed that maximal activity was measured with an incubation period of 4 h. This incubation time was chosen for all further assays. The median conversion of DHEAS to DHEA at this time point was 50% (range 4-65%, n=20).
LH significantly inhibited sulphatase activity in luteinized granulosa cells in a dose-dependent manner (Fig. 1a) , reducing activity to 85% of baseline at 5 ng/ml. In contrast, insulin caused stimulation of the enzyme activity by 30% at 10 ng/ml (Fig. 1b) . Both insulin and LH stimulated progesterone production by the cells in a dose-dependent manner in the same experiments (data not shown). Addition of EMATE during the sulphatase assay suppressed activity dose-dependently with significant inhibition seen at the lowest dose tested and maximum inhibition occurring between 0·1 and 1·0 µM (Fig. 1c) .
Production of oestradiol from DHEAS
The addition of DHEAS to granulosa cells caused a significant increase in oestradiol accumulation in the medium. This was maximal at 48 h and gradually declined thereafter. DHEAS increased oestradiol accumulation in a dose-dependent manner, with no change in progesterone production at any dose. The addition of 1 µM DHEAS produced a 150-fold increase in oestradiol above basal levels. Similar results were seen in a further experiment in which androstenedione levels were also measured (Fig. 2a) .
Incubation of the cells with gonadotrophins and a range of doses of DHEAS produced contrasting results. There was again a dose-related effect of DHEAS on oestradiol production. LH had no additional effect on conversion of 0·1 µM DHEAS to oestradiol, but caused a dose-related increase in conversion of 1·0 and 10 µM DHEAS (Fig. 2b) . In contrast, there was no consistent effect of FSH on oestradiol production from any dose of DHEAS in three experiments (data not shown).
The effects of DHEAS on oestradiol production by a pool of cells from small follicles (<6 mm in diameter) or individual follicles of 7 and 9 mm from an unstimulated ovary in the follicular phase of the cycle are shown in Fig. 2c . There were insufficient cells to perform full dose-responses in the latter two cases. There was a significant dose-related increase in oestradiol in each case with the activity being highest in the cells from the 7 mm follicle.
Discussion
This is the first demonstration that human granulosa cells are a site of significant steroid sulphate sulphatase activity. This concurs with the previous findings in which preparations of homogenized whole follicles were found to possess this activity (Haning et al. 1990 , Patwardhan & Lanthier 1972 . We have also demonstrated that the activity is hormonally regulated. Surprisingly, incubation of the cells with LH appeared to have an inhibitory effect on the conversion of DHEAS to DHEA. The granulosalutein cells used in this part of the study are responsive to LH rather than FSH (Schipper et al. 1993 ) and progesterone secretion was increased by LH in the medium collected from corresponding wells prior to assessment of sulphatase activity. The data showing inhibition of sulphatase activity by LH when measured by assay and yet stimulation of conversion of DHEAS to DHEA appear contradictory. The disparity may be explained by the much higher concentration of substrate used in the latter experiments.
Insulin was consistently found to stimulate the conversion of DHEAS to DHEA in granulosa cells in our study. We and others have previously shown other effects of insulin in these cells, in terms of increased steroidogenesis and enhancement of gonadotrophin-stimulated oestradiol production (Garzo & Dorrington 1984 , Willis et al. 1996 . In contrast, Nestler and colleagues (1987) studied the effects of insulin on serum DHEAS levels in women during a hyperinsulinaemiceuglycaemic clamp and found that insulin had a suppressive effect. When these findings were further investigated by repeating the study in men, both DHEAS and DHEA levels fell progressively and proportionally (Nestler et al. 1989) . Interestingly, androstenedione levels also fell in Figure 1 Sulphatase activity measured by production of DHEA from DHEAS substrate (31 nM) in granulosa cells cultured in the presence or absence (control) of (a) LH at 0·25-5 ng/ml, (b) insulin at 0·25-10 ng/ml or (c) the specific sulphatase inhibitor EMATE at 1-5000 nM. The assay incubation period was 4 h. Bars represent the means and S.E.s of quadruplicate wells. Results are expressed as a percentage of control values. The mean (S.E.) value of the control was 0·96 (0·04), 0·28 (0·1) and 0·315 (0·005) pmol DHEA and metabolites for (a), (b) and (c) respectively. The amount of product was reduced in the presence of LH (a vs b P<0·01) and EMATE (a vs b P<0·01; a vs c P<0·001), but increased in the presence of insulin (a vs b P<0·05; a vs c P<0·001). Non-specific activity was consistently low throughout. Results show representative responses from three similar experiments in each case, and all comparisons made by Student's t-test. these men. The authors concluded that the mechanism was unlikely to be one of stimulation of desulphation/ hydrolysis of DHEAS but, in contrast to our studies, was a direct effect on the adrenal.
We were unable to find any consistent effects of FSH on the conversion of DHEAS to other steroids. This finding was not unexpected as this experiment was only carried out in granulosa-lutein cells which have a noted variability in, or lack of response to, FSH (Schipper et al. 1993) .
The demonstration of an increase in androstenedione as well as oestradiol in response to DHEAS infers that testosterone levels also increased as this is the likely steroid intermediary. Again this is in agreement with studies by Haning which showed that both tritiated androstenedione and testosterone were present in follicular fluid when patients were infused with tritiated DHEAS (Haning et al. 1991) . Although we have not directly demonstrated production of oestradiol from the added DHEAS this is the only likely source of the steroid as granulosa cells in culture normally secrete only very small amounts of androgens into the medium and in the absence of androgen substrate, oestradiol production is low or undetectable (Mason & Franks 1992) .
It was found that DHEAS also increased the production of oestradiol in the granulosa cells which were derived from follicles of 9 mm diameter or less. There was variation between the granulosa cells from different sized follicles which is consistent with our previous findings that aromatase activity increases exponentially with follicle size (Mason et al. 1994) . The granulosa cells from the 9 mm follicle showed less aromatase activity than those from the smaller follicles, the most likely explanation being that the 9 mm follicle was atretic. This was supported by the fact that only 280 000 granulosa cells were derived from this follicle compared with the expected number of more than 2 000 000 in a healthy follicle of this size (McNatty et al. 1979) . The conversion of DHEAS to oestradiol by the granulosa cells from the 7 mm follicle was 20%, in comparison to approximately 12% by the luteinized granulosa cells. This suggests that the hypothesis that follicles utilize DHEAS from the circulation during the late follicular phase at the time when the requirement for steroid precursors is at a maximum may not be correct, as these results showed that the activity was, if anything, increased in small follicles. As far as we are aware there are no other data comparing sulphatase activity in healthy or atretic follicles. There was a significant dose-related increase in oestradiol and androstenedione (P<0·01 in each case, ANOVA) with no effect on progesterone. (b) Effect of a range of doses of LH (0·1-1·0 ng/ml) on addition of DHEAS. The dose of DHEAS is given in the key. There was a significant increase above basal in oestradiol production at each level of DHEAS at all doses of LH (P<0·001, ANOVA). Only the higher doses of LH were effective at lower levels of DHEAS (a vs b and a vs c P<0·1, Student's t-test) and LH had no effect on the lowest dose of DHEAS. (c) Oestradiol production in response to addition of two doses of DHEAS in granulosa cells pooled from several follicles <6 mm in diameter or from two individual follicles of 7 and 9 mm from an unstimulated ovary in the follicular phase of the cycle (a vs b and a vs c P<0·001, d vs e and f vs g, P<0·0001, Student's t-test).
We have demonstrated that utilization of DHEAS may be a physiological process occurring in normal folliculogenesis, however this finding may also be of importance in disease states. DHEAS was found to provide 90% of the circulating androstenediol in post-menopausal women which may be a more important promoter of tumour growth than oestradiol or oestrone sulphate (Dauvois & Labrie 1989) . It has been suggested that steroid sulphatase inhibitors could be therapeutically effective in endocrinedependent tumours (Reed & Purohit 1993) . EMATE has been shown to inhibit irreversibly both oestrone sulphatase and DHEA sulphatase in breast cancer cells (Purohit et al. 1995b) . We have demonstrated that EMATE was also successful in blocking DHEA sulphatase activity of human granulosa cells. This could prove to be clinically important in oestrogen-dependent tumours in pre-menopausal women.
In conclusion, these results have demonstrated for the first time that the sulphatase enzyme is present in human granulosa cells. Cells collected from follicles in the follicular phase of the cycle as well as luteinized cells from preovulatory follicles were able to utilize DHEAS as a precursor for oestrogen biosynthesis and this process was stimulated by the pituitary hormone LH and blocked by a sulphatase inhibitor. This may be of physiological importance in normal folliculogenesis by increasing testosterone levels when required and may also be relevant in oestrogen-dependent tumour growth.
